In this work we present ab initio calculations of the zero-field splitting (ZFS) of a gadolinium complex[Gd(III)(HPDO3A)(H 2 O)] sampled from an ab initio molecular dynamics (AIMD) simulation. We perform both post-Hartree-Fock (complete active space self-consistent field -CASSCF) and density functional theory (DFT) calculations of the ZFS and compare and contrast the methods with experimental data. Two different density functional approximations (TPSS and LC-BLYP) were investigated.
The magnitude of the ZFS from the CASSCF calculations is in good agreement with experiment, whereas the DFT results in varying degree overestimate the magnitude of the ZFS for both functionals and exhibit a strong functional dependence. It was found in the sampling over the ab initio molecular dynamics (AIMD) 
I. INTRODUCTION
Gd(III) complexes are efficient contrast agents for magnetic resonance imaging(MRI) due to the fact that they enhance the longitudinal and transverse relaxation rates of neighboring protons in solution [1] [2] [3] . The drastic effect of electron spin relaxation on the reduction of paramagnetic relaxation enhancement(PRE) of nuclear relaxation was first explained by Bloembergen and Morgan 4 . The relaxation can be described by solving for the time-evolution of the electron spin, with a spin Hamiltonian containing a Zeeman term, describing the interaction with the external magnetic field, and a ZFS term, related to the electronic structure and molecular structure around the paramagnetic center. The electron spin relaxation in Gd(III) is essentially driven by fluctuations in the ZFS, which is caused by second-order effects of the spin-orbit coupling. Until the 1980's the electron spin relaxation times (T 1e
and T 2e ) were computed on the basis of the analytic Redfield equations, which relies on the transient fluctuations in the zero-field splitting (ZFS) 5 , but it was discovered for the case of Gd(III) that the average ZFS in the molecular frame (the static ZFS) plays a significant role in influencing these relaxation times 6, 7 . Therefore, to understand electron spin relaxation completely, both the static ZFS and instantaneous deviations from the static ZFS (the transient ZFS) need to be investigated.
The ZFS spin Hamiltonian of the octet ground state of the Gd(III) complex is described by an approximate 2 nd order expression:
in whichD is the zero field splitting tensor andŜ is the electron spin angular momentum operator. For the octet state in Gd(III), higher (4 th and 6 th ) order terms can contribute, but are neglected in the ZFS spin Hamiltonian in Eq. 1.
In the treatment of the ZFS, we need to consider three reference frames. The laboratory frame (L), in which the external magnetic field is applied. The ZFS in the laboratory is modulated by reorientation of the Gd(III) cluster, whose structure defines a molecular frame (M). The ZFS calculations presented below will be performed in the molecular frame.
Finally, sinceD is a symmetric traceless tensor it is convenient to determine the principal axis frame (P), in which the tensor is diagonal and can be described by its cylindrical D
and rhombic E components.
The D and E parameters are extracted from the diagonal elements of theD tensor in the principal axis frame:
where the Cartesian components are defined to fulfill 0≤ E/D ≤1/3, thus making D the dominant contribution. The ZFS in the molecular frame is modulated both by variations in the magnitude of the D and E components and by reorientation of the principle axis frame relative to the molecular frame.
We will employ the conventional method of dealing with the total ZFS in the molecular frame (M), as described above, by dividing it into two parts: the static ZFS, which is the time-average of the ZFS Hamiltonian, and the transient ZFS, describing the instantaneous deviation from the static spin Hamiltonian. Therefore, the total ZFS Hamiltonian can be described as a summation of the two terms.
The time-dependent transient tensor is obtained by subtracting the staticD static tensor from each element of the instantaneousD tensor:
Parameters extracted from each of the two terms in Eq. 4 can subsequently be used as a basis for describing both electronic spin relaxation and nuclear spin relaxation. A common, simple expression for the longitudinal electron spin relaxation rate has been proposed by Belorizky and Fries 8 :
Here, the symbol ∆ S stands for the magnitude of the static ZFS, defined as:
which can be extracted in the molecular frame from theD tensor.
The static contribution ∆ S is calculated from the principal frame D S and E S of the mean tensor (averaged in the molecular frame). The corresponding transient contribution ∆ T is originally introduced in the so-called pseudo-rotation model 9, 10 , where the distortions of the complex are assumed to yield a ZFS of constant magnitude and variable orientation of its principal axes. The symbol τ 2 denotes the rotational correlation time for the rank-2 spherical harmonics of the complex and τ v refers to a corresponding correlation time for the reorientation of the principal direction of the transient ZFS. In turn, τ 2 can be related to the rotation diffusion constant through τ 2 = 1/(6D R ). Finally ω 0 is the electron spin Larmor frequency. The relation between the ∆ T and the elements of the matrix in Eq. 5 has been discussed in our earlier work 11, 12 .
Notice that we will consistently use the D and E parameters for the total ZFS in the principal axis frame of theD tensor. whereas D S and E S refer to theD static tensor and D T and E T to theD trans tensor. All of which, might have independent principal axis frames.
Dynamical simulations when used in combination with quantum chemical computations become a powerful tool to probe both static and time-dependent properties of molecules. A combined approach makes it possible to extract bothD
trans (t), the reorientation of the molecular frame and correlations with molecular degrees of freedom. If accurate simulations are performed with sufficient sampling, we can acquire all information needed to model both the electron spin relaxation and the nuclear spin relaxation from first principles.
In the nineties, a few attempts of first principle derivation of spin relaxation were per- The current paper is an extension of the work by Lasoroski et al. 19 by using configurations from the same trajectory and performing the ZFS calculations with post-Hartree-Fock methods (CASSCF), which have been shown to provide static ZFS parameters that are more reliable than those from DFT 21 . The current paper also investigates the relationship between the ZFS obtained from CASSCF calculations and from DFT calculations, where the latter were reproduced using the same methodology as in the previous study 19 . 
II. COMPUTATIONAL AND THEORETICAL DETAILS
All ZFS calculations were carried out using the ORCA software Calculations of lanthanide complexes require an accurate description of relativistic effects.
To do this there are two methods that can be employed, an all-electron relativistic treatment or an implicit treatment of the inner electron shell, by inclusion of relativistic effective core potentials or pseudo-potentials. Here we use an explicit all-electron relativistic method that utilizes the Douglas-Kroll-Hess(DKH) 23 formulation and atomic mean field integrals 24 for the CASSCF runs with the subsequent inclusion of spin-orbit coupling. The CAS space consisted of 7 electrons active over 7 orbitals, which acquire 4f character. The CASSCF calculations were state-averaged over the ground octet state and 48 excited sextet states, and then the spin-orbit coupled matrix over the pure multiplicities was diagonalized to produce the final complex states and the ZFS of the octet ground state.
For choice of basis set we ran tests on a limited sampling from snapshots of the AIMD were employed and the results described in this paper refer to the CP method. For further investigations the long-range corrected LC-BLYP functional was used as well.
III. RESULTS AND DISCUSSION
A. Time evolution of the ZFS
In Fig. 2 , we present the correlation between the octet Kramer doublet levels and the Hence, assuming that the CASSCF results are more trustworthy, the DFT method using It has been suggested that long-range functionals provide better magnetic properties 33 .
These functionals separate the electron-electron interaction into two parts, the long-range and the short-range trans tensor. This is influenced by the limited sampling of course, but is also related to the fact that we are studying the tensor in the molecular frame of the [Gd(III)(HPDO3A)(H 2 O)] complex, in which there might be orientational dependences. for the CASSCF calculations(black dots), and for DFT calculations(red dots) sampling over the AIMD simulation and using the same DFT parameters as in Lasoroski et al. 19 .
E. Time correlation functions of the fluctuations in theD trans (t) tensor
From the time correlation function (TCF) of theD trans (t) tensor, we can calculate a characteristic time-scale of the fluctuations modulating the spin dynamics. A way to improve the statistics is to assume that d ij elements are uncorrelated, despite the results of the counterpart presented above, and average over the TCFs of the individual matrix elements, C(t). The average of the normalized auto-correlation function has been computed using the nine coefficients of the transient ZFS:
We also included the full TCF by using the equation: Fig. 11 , we present the normalized TCF of the deviation in the D parameter. We found that the TCF for the rhombic terms and the cross-terms between the rhombic and axial contributions were zero within the error margins.
A fitting of the TCF in Fig. 11 using the curve exp(-t/τ c )cos(2πνt), gives a correlation time, τ c of 61.7 fs and characteristic frequency ν of 222.1 cm −1 , which shows that the decay of X(t) is on the same scale as C(t). Comparison of C(t) and C(t) f ull , as defined in Eqs. 8 and 9.
IV. DISCUSSION
The phenomenon of paramagnetic relaxation enhancement of nuclear spins around derivation of these parameters and fitting of the data usually has several assumptions and so must be approached with a bit of caution. Therefore, it is essential to gather accurate qualitative information on the values associated with the ZFS from first-principles. In our study we assessed some of the paramagnetic parameters using both CASSCF and DFT.
In particular a better approximation of experimental values of the static ZFS was derived from the CASSCF method which is on the same scale as experiment whereas the TPSS functional in DFT is off by a factor of 10. From our CASSCF calculation, the correlation time of the transient ZFS obtained was on the sub-picosecond time scale, shorter than those derived from experimental data. However, it must be noted that there was a higher corre- Due to the lack of agreement of any of the DFT methods with the CASSCF results, it is not meaningful in the present study to evaluate the Couple-Perturbed(CP) 31 and PedersonKhanna(PK) 32 formalisms against each other. For a discussion about the deficiencies within each of the DFT methods we refer to the paper by Lasoroski et al. 19 .
By using the LC-BLYP functional we were able to obtain a static D S parameter that was much closer to the results from CASSCF and derived from experiment. However, the ZFS as computed using the LC-BLYP functional is not correlated with the CASSCF method.
This shows that further combined studies of the ZFS of gadolinium complexes with both CASSCF and DFT are necessary to establish accurate and yet computationally economical methods for ZFS calculations. For extensive ZFS sampling, we require methods which are as efficient as DFT which can handle tens of thousands of configurations. On the other hand, methods such as CASSCF are more reliable and important for evaluating different approximations which allow for extensive sampling. Therefore, when both methods are used in tandem one can get an accurate estimation of the level of error that one is facing in each step of the process.
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